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Morey-Holton, Emily R., and Ruth K. Globus. Hindlimb unload-
ing rodent model: technical aspects. J Appl Physiol 92: 1367-1377, 2002;
10.1152/japplphysiol.00969.2001.—Since its inception at the National Aero-
nautics and Space Administration (NASA) Ames Research Center in the
mid-1970s, many laboratories around the world have used the rat hindlimb
unloading model to simulate weightlessness and to study various aspects of
musculoskeletal loading. In this model, the hindlimbs of rodents are ele-
vated to produce a 30° head-down tilt, which results in a cephalad fluid shift
and avoids weightbearing by the hindquarters. Although several reviews
have described scientific results obtained with this model, this is the first
review to focus on the technical aspects of hindlimb unloading. This review
includes a history of the technique, a brief comparison with spaceflight data,
technical details, extension of the model to mice, and other important
technical considerations (e.g., housing, room temperature, unloading angle,
the potential need for multiple control groups, age, body weight, the use of
the forelimb tissues as internal controls, and when to remove animals from
experiments). This paper is intended as a reference for researchers, review-
ers of manuscripts, and institutional animal care and use committees. Over
800 references, related to the hindlimb unloading model, can be accessed via
the electronic version of this article.

simulated weightlessness; hindlimb suspension; altered gravity; me-
chanical load; animal model

Aeronautics and Space Administration (NASA) Ames
Research Center (ARC) Institutional Animal Care and

GROUND-BASED MODELS PLAY A significant role in space
exploration because they provide data critical for the

design of spaceflight experiments. The hindlimb un-
loading rat model has been accepted by the scientific
community as the rodent model of choice for simulating
spaceflight, and its use will likely increase during the
space station era. Excellent reviews of scientific results
obtained from hindlimb unloading studies are avail-
able in the literature, but no publication has provided
in-depth technical information useful to individuals
and institutions interested in the model. The purpose
of this technical review is to help investigators, insti-
tutions, and reviewers of manuscripts understand the
rationale and historical aspects of the development of
the technique as well as the multiple factors that may
affect results obtained from hindlimb unloading model
experiments. The standard operating procedure (SOP)
for hindlimb unloading with applications to young and
adult rats was updated and approved by the National
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Use Committee on August 8, 2001. A copy of the SOP
can be obtained by contacting the NASA ARC Animal
Care Facility manager. A list of over 800 references
published to date that used this model system is now
available.

RATIONALE FOR DEVELOPMENT OF
GROUND-BASED MODELS

Ground-based models that simulate spaceflight are
important for many reasons. Unlike spaceflight stud-
ies, experiments on Earth can be scheduled without
concern for crew time, and modifications can be made
as necessary during the experiment with little impact
on cost. Furthermore, manipulations can be performed
without the extensive precautions required for space-
flight experiments (e.g., triple containment of chemi-
cals and specimens), and the experimental duration
can be varied with multiple time points measured
within a single experiment. Experiments can be re-
peated and extended on a routine basis. Tissues can be
taken from anesthetized animals at any time during an
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experiment. None of these experimental manipula-
tions, which as scientists on Earth we take for granted,
can be made with ease in space. Finally, these cost-
effective ground-based experiments serve to identify
biological systems most likely to be perturbed by space-
flight. Once a ground-based model is determined to
suitably simulate spaceflight, it can be used to extend
and predict results from spaceflight experiments. Fur-
thermore, ground-based models avoid several compli-
cations of spaceflight, including hypergravity and vi-
bration during launch and landing, transportation
from the landing site, and the lag time between landing
and harvest of tissues.

Development of models to simulate weightlessness
requires several sequential steps. The process includes
1) defining the physiological response(s) to weightless-
ness that the model is intended to mimic, 2) designing
and developing the system to study those aspects, 3)
collecting and analyzing data from the model, 4) com-
paring the data with spaceflight studies, 5) defining
those aspects of spaceflight that the model most closely
mimics, and 6) defining limitations of the model. The
primary physiological responses of vertebrates to
spaceflight include fluid shifts, repositioning of certain
organs, musculoskeletal unloading, and lack of stimu-
lus to the vestibular system (33, 45).

Models for simulating several aspects of weightless-
ness exist for various species. Clinostats are used pri-
marily for plants and nonmotile cells and act to inhibit
sedimentation of gravity-sensing organelles (26).
Head-down bed rest of humans induces a cephalad
fluid shift, minimizes the hydrostatic gradient within
the cardiovascular system, causes movement of abdom-
inal organs toward the chest, and results in the loss of
impact loading on the musculoskeletal system (14).
Similarly, water immersion of humans causes a rapid
cephalad fluid shift, unloading of the systems im-
mersed, and loss of impact loading (12). Immobilization
of nonhuman primates by chair restraint minimizes
the hydrostatic gradient and prevents impact loading
(13). Hindlimb unloading of rodents in a head-down
position is the newest of the models for simulating
weightlessness.

EVOLUTION OF THE RAT HINDLIMB
UNLOADING MODEL

This section traces the history of the hindlimb un-
loading model, with an emphasis on technical aspects.
Many laboratories were involved in defining the essen-
tial characteristics of the model. The critical compo-
nents of the model are the housing unit, the device to
which the rat is attached to allow mobility, the angle of
unloading, and the harness system.

# In the spring of 1974, Dr. Harold Sandler, chief of the
Biomedical Research Division at ARC, challenged the
investigators attending a space biology program review
at ARC to develop a rodent model to simulate weight-
lessness. Although rat models for disuse existed, they
required confinement of animals in small cages, limb
casting, or flaccid paralysis by nerve section or surgical
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tenotomy. None of the techniques produced the differ-
ential muscle atrophy characteristic of spaceflight, i.e.,
a decrease in mass of the extensor muscles but not of
other muscles associated with movement. In addition,
recovery from disuse was difficult or impossible with
the existing surgical models. The new model needed to
complement the prevalent method for simulating
spaceflight in humans, i.e., 6° head-down bed rest (25).
The physiological responses to spaceflight that the rat
model had to mimic included 1) differential muscle
atrophy, 2) cephalad fiuid shift, 3) freedom to move,
eat, and groom using the forelimbs, 4) unloading of the
hindlimbs without paralysis so that animals could re-
cover from unloading, and 5) normal weight gain in
growing rats or minimal weight loss in adult animals
throughout the experimental period. Data from the
model would be validated using spaceflight data to
define the limitations of the model. If the proposed
NASA rat model yielded experimental results similar
to flight data, then it would be invaluable for establish-
ing the time course of physiological changes, studying
mechanisms responsible for the observed changes, and,
ultimately, predicting the effects of weightlessness.

Model testing was initiated in 1975. The first model
was very simple; however, this model provided valu-
able lessons, leading to suggestions for modifications
ultimately incorporated into succeeding designs. The
first full-length paper describing the model appeared in
1979 (29). This model used a hexcelite back harness
and a cantilevered rotating beam that allowed the
head-down animal to move in a 360° arc. Data were
compared with the weight and bone changes found in
Cosmos 782 and 936. The author concluded that the
changes in hindlimb-unloaded rats were similar to
spaceflight. A paper from Musacchia and colleagues
(31) quickly followed the first publication. Their model
used a denim harness and a rotating beam that al-
lowed the animal to move in a 140° arc. Body weight
and food consumption in the hindlimb-unloaded rats
were significantly less than those of the control group,
and the animals exhibited adrenal hypertrophy at the
end of the 7-day experiment. The authors concluded
that the muscle changes were similar to those found
during spaceflight and recovery from spaceflight. To
determine whether the cephalad fluid shift contributed
to changes in metabolism, Musacchia and colleagues
(11) included a horizontal control and found that the
head-down position was required for the diuresis and
natriuresis that occurred during hindlimb unloading.
Tipton and colleagues (41) modified the model to mea-
sure muscle changes and blood flow. Deavers et al. (11)
and Bouzeghrane et al. (7) advocated for a horizontal
control, particularly for studies investigating fluid
shifts.

The importance of the angle of unloading was ad-
dressed by Hargens et al. (21). They found that the
angle of unloading (i.e., the angle formed between the
torso of the animal and the floor of the cage) deter-
mined the amount of weight supported by the forelimbs
as well as the tension applied to the tail. These authors
showed that the hindlimb-unloaded rat applies 50% of
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its body weight to its forelimbs when the angle between
the torso and the floor of the cage is 30°. As the angle
increased, mechanical loading of the forelimbs declined
and traction on the tail increased. If the angle was too
steep, then the animals appeared stressed. A 30° angle
of unloading was recommended because it provided
normal weightbearing on the forelimbs, unloaded the
lumbar vertebrae but not the cervical vertebrae (17),
and induced a cephalad fluid shift (21).

The hindlimb unloading model has not changed con-
ceptually from the beginning. Data from all laborato-
ries that used the model showed differential muscle
atrophy, a cephalad fluid shift, animals having the
freedom to move, eat, and groom with the forelimbs,
and unloading of the hindlimbs without paralysis so
that animals could recover from unloading. However,
the harness system and degree of mobility varied sig-
nificantly between laboratories. One problem possibly
related to these differences was the reduced weight
gain in growing rats or weight loss in adult animals
that persisted throughout the experimental period.
Harnesses tested at ARC included a combination of
elastic and Velcro straps and hexcelite bonded with an
epoxy resin to the back of the rat (29). Each of these
harnesses was only partially successful, and less
stressful harness designs were sought. The concept of a
tail harness originated with our Russian colleagues,
who used a plaster-of-Paris mold for tail traction (23).
In the early 1980s, orthopedic surgeons from the Uni-
versity of Southern California toured our laboratory
and recommended that the tail cast be replaced with
the tape that they used for placing human limbs in
traction. Traction tape could be applied to an unanes-
thetized animal and would allow the tail to grow with-
out restriction. In fact, the body weights of growing
rats unloaded with the use of tail traction remained
comparable to controls fed the same amount of food
(i.e., group-mean-fed controls), in contrast to rats un-
loaded with the use of back harnesses (47). Tail trac-
tion appears to be less stressful to animals than whole
body harnesses, as assessed by corticosterone levels
and adrenal, thymus, and body weights (20, 39).

Some investigators have referred to the hindlimb
unloading model as a model for disuse. Although this
term may be appropriate for bone, electrical activity
continues in muscles, suggesting that hindlimb un-
loading is not a muscle disuse model (15). Another
important point about hindlimb-unloaded muscle is
that muscle atrophy is not limited to postural or slow-
twitch muscles because other extensor muscles also
exhibit wasting during hindlimb unloading (19).

In conclusion, the use of tail traction in the hindlimb
unloading model has become the technique of choice for
studying spaceflightlike changes in rats and mice (Fig.
1). Although the rat hindlimb unloading model was
initially developed to study musculoskeletal, cardio-
vascular, and metabolic changes caused by weightless-
ness (29), it also has been useful for investigating
responses of many other physiological systems to un-
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loading and the recovery from unloading on Earth (see
list of accompanying references?).

COMPARISON WITH SPACEFLIGHT DATA

The development of the hindlimb unloading model
coincided with cooperation between the United States
and the USSR on the Cosmos spaceflight missions.
These unmanned flights (which began in 1975) were
2_3 wk in duration, with studies limited to preflight
and postflight observations. Data from these space-
flight experiments were compared with the hindlimb
unloading model and consequently dictated the dura-
tion of the initial hindlimb unloading studies. The last
rodent flight in this series, Cosmos 2044, was the first
international spaceflight mission with multiple inves-
tigators and included the hindlimb unloading model as
a control group coinciding with the flight (6, 9). Both
spaceflight and hindlimb-unloaded animals showed
similar atrophic changes in muscle and bone. Re-
sponses in heart, pulmonary, intestine, immune, endo-
crine, and reproductive functions were similar in both
hindlimb-unloaded and spaceflight animals. In con-
trast, several physiological parameters, such as liver
histology and metabolism, neural, red blood cell num-
ber, plasma constituents, and hypothalamic pituitary
factors, differed in several respects between the two
groups (6). However, hindlimb-unloaded rats were
sampled 15—60 min after reloading, whereas the flight
rats were euthanized 8—11 h postflight (35). The time
differential might explain some of the differences be-
tween the ground-based and flight groups.

Although Cosmos 2044 was the first experiment to
include a hindlimb-unloaded group as part of a space-
flight experiment, other investigators have compared
data from hindlimb-unloaded experiments and space-
flight experiments, confirming that hindlimb unload-
ing and spaceflight induce similar, although not al-
ways identical, physiological responses in many
systems (e.g., see Refs. 8, 30, 42, 46).

Caution is necessary when comparing results be-
tween spaceflight and hindlimb unloading experi-
ments. For example, the entire body is unloaded during
spaceflight, whereas the forelimbs, head, and upper
back remain weightbearing in hindlimb-unloaded ani-
mals. The hindlimb-unloaded group does not experi-
ence launch, landing, or transportation to and from the
launch and landing pad. Fluid shifts may be greater in
hindlimb-unloaded rats because the animal is a quad-
ruped and fluid redistribution may be limited in rats
during spaceflight. Despite these cautions, studies in
hindlimb-unloaded rats have been instrumental in de-
fining the time course and mechanisms of physiological
changes that occur due to unloading.

TECHNICAL AND METHODOLOGICAL DETAILS

The hindlimb unloading technique has been ap-
proved by the NASA ARC Animal Care and Use Com-

1The reference list can be viewed at http:/jap.physiology.org/cgi/
content/full/92/4/1367/DC1.
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Fig. 1. Depiction of several cages used
for hindlimb unloading experiments.
A: rat cage described by Wronski and
Morey-Holton (47). The cage is ~12 in.
wide X 12.5 in. deep X 12 in. tall. The
side extensions (C in panel C) can in-
crease the height to 18.5 in. The un-
loading device allows free movement
throughout the cage. B: mouse cage
designed by Dr. Marjolein van der
Meulen (Cornell University). The cage
dimensions are ~7.6 X 11 X 12 in.
Movement of the unloading device in
this cage is along a single axis, al-
though the animal retains access to the
entire cage. The hook latches a remov-
able food dish in the bottom of the cage.
The round metal disk above the un-
loading device prevents the mouse
from climbing up the unloading appa-
ratus. C: detailed version of the meta-
bolic cage developed by Arnaud and
collaborators (22). D: cage designed by
Dr. Russell Turner and colleagues at
Mayo Clinic. The Mayo cage has incor-
porated additional features, including
cage tops that fold for storage, the abil-
ity to replace the collection funnel with
a tray for bedding, and lowering the
entire unit for studies that do not re-
quire metabolic collections. This design
is a hybrid of cages shown in A and C.
In C and D, A = unloading device, B =
cage top, C = height extender (the
wheels on the unloading device roll
along the top of the height extender or
the sides of the cage), D = water bottle
assembly, E = tunnel, F = food cup,
G = cage floor, H = cage base, I =
collection funnel, J = separator hous-
ing, K = linear diffuser, and L. = col-
lection tube.

mittee as a rat model for simulating spaceflight. The
approval was based on data showing that indicators of
stress (i.e., thymus weight, adrenal weight, corticoste-
rone levels, food consumption, body weight) in hind-
limb-unloaded animals did not markedly differ from
those in control animals. Food consumption may de-
crease for the first few days of the experiment, but the
animals adapt to the system quickly, as indicated by
essentially normal food consumption and stable or in-
creasing body weight throughout the experiment.

The following paragraphs provide detailed infor-
mation on required and optional supplies, prepara-
tion of the animal, and the procedure as performed at
NASA ARC.

Supplies. Required supplies for hindlimb unloading
include 1) a gauze or towel soaked with 70% alcohol or
alcohol wipes, 2) tincture of benzoin aerosol spray (Pro-

fessional Packaging, Aurora, IL), 3) a towel for re-
straining the animal, 4) traction tape or similar adhe-
sive traction strips (e.g., Skin-trac, 3 X 40 in.; Zimmer,
Warsaw, IN), 5) a plastic tab with attached paperclip
loop (the dimensions of the tab are sized to the weight
of the rat) (Fig. 2), 6) filament tape (0.75-in.-wide roll
can be purchased at any stationery store), 7) gauze
bandage for wrapping the tail, 8) a hindlimb unloading
cage, and 9) plastic-backed absorbent paper or shav-
ings that fit under the cage to absorb urine if appro-
priate.

Optional supplies include 1) a hair dryer, 2) Bitter
Apple spray, Chew Guard, or equivalent for use with
adult rats (obtained from a veterinary supply com-
pany), 3) wooden dowels (can be purchased at any
hardware store) or nylon chew bars (can be purchased
at any pet shop), and 4) a pen for marking the rat’s tail.
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Plastic tab

1371

Fig. 2. To make a plastic tab, a paper-
clip is inserted through small holes
drilled in a piece of plastic, bent along

— -

FRONT VIEW

TOP VIEW

the underside, and trimmed with wire
cutters.

Plastic tab dimensions:
5/8" x 1-1/2" for larger rats
172" x 1" for smaller rats

Preparation. Strips of the traction tape and filament
tape are prepared before the experiment. The width of
strips of traction tape depends on the width of the rat’s
tail. The strips are narrow enough so that they do not
touch when placed on opposing sides of the tail. The
plastic tab should be held at the base of the tail just
above the hair line, and the length of tape required
should be determined as that which extends about
two-thirds the length of the tail on two sides of the tail
(see Fig. 4). For example, we cut strips to ~12 in. long
and ~0.25 in. wide for young animals (~150 g). The
paper protecting the traction tape is cut in the middle
of the strip and peeled back (but not removed) ~0.5 in.
on each side. The tape is threaded through the paper-
clip loop on the plastic tab until an equal amount of
tape is on either side and then pressed to the plastic
tab so that it adheres (Fig. 3).

Handling of the animals begins ~1 wk before the
procedure. The animals are acclimated to their cages at
least 2 days before beginning the hindlimb unloading.
If the animals are shipped by air freight, then a longer
acclimation period is advisaple,

\ Ve ﬁ
. / Paperclip

Fishline swivel

Plastic tab

Traction tape

Fig. 8. Traction tape is threaded through the paperclip loop and
adhered to the tab.

Procedure. On the day of hindlimb unloading, the rat
is wrapped loosely in a towel (the rat runs into the
towel and away from the operator). A second person
can assist in keeping the rat in the towel, although an
operator familiar with the procedure usually can per-
form the procedure alone. We use minimal restraint to
avoid stressing the rat during the procedure. We do not
anesthetize animals and recommend that anesthesia
be avoided if possible because recovery from anesthesia
may compromise the animalgs’ ability to readily adapt
to hindlimb unloading. If anesthesia is used, we rec-
ommend at least a 24-h recovery period after anesthe-
sia and before hindlimb unloading.

We clean the tail with alcohol, removing all the dead
or dirty skin. The tail is allowed to dry, which usually
takes 1 min or less. The tail is then sprayed with a
generous amount of adhesive spray (e.g., tincture of
benzoin) and allowed to dry for 1-5 min. The rat can be
placed in its cage while the adhesive spray is drying or
a hair dryer can be used on a low heat setting to
accelerate the drying process. When the spray is tacky,
a strip of traction tape, preattached to the plastic tab
(Fig. 3), is attached to the tail. Traction tape is cut to
the correct length for the rat. The paper backing is
removed from the tape, and the tape is attached to the
tail beginning at the base of the tail just above the hair
line. The traction tape is gently pressed to the tail S0
that it sticks along the tail’s surface. The traction tape
is narrow enough so that the tape on one side of the tail
does not come into contact with the tape on the other
side of the tail (Fig. 4). Traction tape is secured to the
tail with two strips of filament tape (~0.25 in. wide x
1.51n. long). One strip of filament tape is placed around
the base of the tail over the ends of the traction tape,
and a second strip is added about half-way up the tape
(Fig. 4). The filament tape must be loose enough to
allow normal blood circulation but tight enough so that
the traction tape will not peel away from the tail.
Gauze bandage can be wrapped around the tail to
protect the traction tape and to deter the rat from
peeling off the tape. Because the tail is critical for
thermoregulation in the rat, only the area covered with
traction tape should be wrapped with gauze bandage,
1.e., primarily around the base of the tail. A line can be
drawn with a marking pen at the bottom of the traction
tape to monitor movement of the tape. The rat is now
ready to be attached to the fish-line swivel that hangs
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SIDE VIEW

Fig. 4. A side view of the traction tape and filament tape attached to
the tail.

from the unloading device on top of the hindlimb un-
loading cage (Fig. 1C).

If the rat is allowed to move on an x-y axis and rotate
360° so that it has access to all areas of the cage, then
it appears to adapt more readily. Our unloading device
consists of two sets of bearings connected by a metal
rod and a fifth bearing that rolls along the metal rod; a
fish-line swivel is connected to the fifth bearing (Fig.
1A4). The unloading device, located at the top of the
cage, rides along two parallel sides of the cage. The
pulley system and swivel (Fig. 1C) are designed to
impart minimal resistance so that the animal can move
easily and without effort using its front paws. The body
of the rat makes about a 30° angle from the cage floor,
and thus the back feet of the rat do not touch the grid
floor. The hind legs should be manually extended to
assure that the toenails do not touch the floor. The
angle and height of the rats are checked, and adjusted
if necessary, on a daily basis. The cage sides are ad-
justable to increase or decrease the height of the un-
loading device. The animal must be able to reach food
and water after the adjustments are made.

To prevent animals from pushing against the sides of
the cages with their hindlimbs, large binder clips can
be placed atop the cage sides to restrict movement of
the unloading device. Several papers describe various
cage designs, including metabolic cages for collecting
urine and feces (22, 29, 34, 47).

Absorbent paper is placed under the cages to absorb
urine unless a metabolic cage is used. The papers are
changed as needed but not less than twice per week.
Normal bedding material placed in a tray under the
cage can also be used for this purpose.

Control animals should be kept in identical cages if
possible. An unloading device is not needed for the
control cage, although a cover for the top of the cage is
necessary to ensure that the rat does not escape. Extra
cage floors make excellent cage tops as they permit air
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circulation. A weight placed on the cage top may be
necessary to keep larger animals from escaping.

A wooden dowel or nylon chew bar (e.g., Nylabones)
is provided to each rat for chewing. A piece of dowel
should be ~1.5 in. long and ~0.75—1 in. diameter. This
item reduces the likelihood that the rat will chew
through the floor of the cage.

The cage should be disassembled for cleaning. In the
preliminary bath, each part is washed with hot water
and if necessary scrubbed to remove any visible organic
matter. The parts are then completely submerged in a
disinfectant solution for at least 0.5 h for plastic pieces
and a shorter time for the metal pieces. The metal
pieces should be dried when removed. The plastic
pieces for the cages are rinsed, reassembled, and al-
lowed to air dry.

If adult male Sprague-Dawley or Wistar rats (~400
g) are used, then the following precautions are recom-
mended. The rats should be handled several times a
day for at least 1 wk before the experiment begins.
Traction tape should be placed at the base of the tail
(unlike the younger animals, the older animals appear
to adapt to traction much better when the traction tape
begins at the very base of the tail). The adhesive spray
appears to be less well tolerated by adult animals and
any tincture sprayed on the hair should be removed.
The animal must be held until the spray dries so that
the spray is not spread. The spray contains alcohol,
which is not well tolerated if the animal has any
abrasions. The base of the tail can be coated with Bitter
Apple or Chew Guard or equivalent to discourage the
animal from chewing on the traction tape. The animals
must be removed from the cage for this procedure
because the rat will avoid any cage area or food con-
taminated with this substance. Any tail with abrasions
should be treated immediately with antibiotic cream
and zinc oxide; only the abrasion and no other part of
the tail should be coated with these substances, i.e., a
minimal amount of compound should be used.

Animals should be inspected daily by the attending
veterinarian and/or registered veterinary technicians
to assure the health of the animals. Specific points of
inspection include the following: 1) overall appearance
and activity (during the initial days of hindlimb un-
loading, porphyrin may appear around the nose and
eyes in varying degrees, although this typically disap-
pears or starts to disappear by the third day), 2) evi-
dence that the animals are eating, drinking, and able
to move freely, and 3) inspection of the tail. Typically,
the ends of the tails in hindlimb-unloaded rats are only
slightly engorged and appear pink. If the end of the tail
appears swollen or has a blue tint, corrective actions
need to be taken immediately to ensure proper circu-
lation in the tail. Male rats are checked daily for sperm
plugs in the urethra. Sperm plugs are expressed man-
ually if present. In addition, animals should be in-
spected carefully twice per day by the investigator or
his/her staff to determine whether any experimental
animal is slipping out of the harness. If the tape on the
tail is too loose, then the end of the traction tape will
slip away from the ink mark at the base of the tail.
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When this happens, filament tape should be replaced
and tightened slightly. After the filament tape has
been in place for 2—3 days, it should be removed or cut
in two or replaced with looser tape to avoid restriction
of tail growth or circulation.

EXTENSION OF THE SYSTEM TO MICE

The hindlimb unloading model has been adapted for
use on mice to study the metabolic and immune re-
sponses of mice to antiorthostasis (3, 4, 8, 40), as well
as the musculoskeletal responses to unloading (36—38).
With the increasing availability of transgenic and mu-
tant strains of mice, the hindlimb unloading model is
now being used to unravel molecular mechanisms that
mediate responses to hindlimb unloading and anti-
orthostasis (10, 24, 28, 44). With respect to the skeletal
system, there is a strong genetic component to peak
bone density. Recent evidence shows that the skeletal
responsiveness to unloading and exercise is partially
dependent on the specific mouse strain (1, 2, 27, 43).
Therefore, it is important to test the sensitivity of the
appropriate wild-type strain of mice to hindlimb un-
loading for each mutant or transgenic line under study.

Whether hindlimb unloading causes a systemic
stress response in mice is less well-resolved than for
rats. In some studies (8, 36—38), hindlimb unloading
was shown to cause an increase in glucocorticoid levels
and adrenal mass of mice and/or a decrease in body
mass relative to controls fed ad libitum. Furthermore,
Simske and colleagues (36—38) report that hindlimb
unloading causes osteopenia in bones from the fore-
limbs as well as hindlimbs. However, in our hands,
hindlimb unloading for 4 wk does not always cause a
reduction in bone mass of the forelimbs relative to
group-mean-fed controls, nor does it reduce body mass
relative to controls (M. van der Meulen and R. Globus,
unpublished observations). The discrepancies in re-
sults obtained between studies performed in different
laboratories may be due to differences in unloading
technique (e.g., angle of unloading), feeding regimen of
control groups, and/or specific mouse strain.

A number of adjustments to the hindlimb unloading
system are needed to accommodate the smaller body
size and differences in behavior of mice compared with
rats. Such differences include the use of smaller cages
(Fig. 1B), inclusion of a device to prevent mice from
climbing the unloading apparatus, and holding mice by
the scruff of the neck (rather than by towel restraint)
when traction tape is applied to the tail.

IMPORTANT ENVIRONMENTAL PARAMETERS

When designing habitats for unmanned spacecraft,
the biologist must supply the engineer with informa-
tion about nutrient intake, metabolic output, and en-
vironmental requirements for that species. Such data
are critical for the design of optimal animal habitats.
Because of our experience with designing habitats for
spaceflight, we appreciate the importance of an optimal
environment for ground-based experiments as well as
space-based experiments. The next two sections eluci-

date important environmental and physiological pa-
rameters for hindlimb unloading experiments. Our at-
tention to the animal’s environment and husbandry
may be the reason that endocrine stress is minimized
in our experiments (17, 20).

Housing. Our experimental animals are housed in a
separate room, and only personnel associated with the
experiment are allowed in that room during the exper-
iment. Our controls are housed in cages that are iden-
tical to those used for hindlimb unloading, except that
the unloading device (Fig. 1C) is removed and replaced
with a top cover to keep the control animal from es-
caping.

Room temperature. We find that maintaining the
room temperature between 24.5 and 25.5°C is impor-
tant for animals housed individually. In contrast, Na-
tional Institutes of Health guidelines for rodents spec-
ify a room temperature of 18—26°C for mice and rats in
standard, group-housed cages (Guide for the Care and
Use of Laboratory Animals, Washington, DC: National
Acad. Press, 1996, p. 28—32). The temperature we use
is approximately the lower range for the thermoneu-
tral zone (TNZ) for rats and mice (i.e., 26—-34°C) (18).
TNZ is defined as the temperature range in which the
metabolic rate is minimal and theoretically equal to
the basal metabolic rate. As the ambient temperature
is reduced below the TNZ, heat production must in-
crease to maintain a normal body temperature. Indi-
vidually housed animals are more likely to maintain
body weight at this higher room temperature. Hypoph-
ysectomized animals require a room temperature be-
tween 26 and 28°C to adjust for loss of the pituitary
function, which compromises body temperature regu-
lation.

IMPORTANT PHYSIOLOGICAL CONSIDERATIONS

Body weight. Differences in body weights between
hindlimb-unloaded and normally loaded control groups
can influence interpretation of experimental results.
Body weight is an important and easily accessible
parameter that reflects the health of a rat. Thus we
strongly recommend that body weight data be provided
with submitted manuscripts and that reviewers of such
manuscripts insist on the inclusion of that information.
If an animal loses 10% of its body weight in a 24-h
period, then it may have health problems, no food, or
an air bubble in the water bottle. The 10% limit or =2
SD from the mean is recommended as a limit for
acceptable weight loss. Animals exceeding this limit
should be eliminated from the experiment if they do
not regain weight within 2 days. If experimental ani-
mals are significantly lighter than controls, then data
interpretation may become difficult because differ-
ences could be due to altered body weight rather than
to unloading.

The rats should be weighed daily or at least twice per
week throughout the experiment. We use a tripod (Fig.
5) or a ring stand fitted with a crossbar and hook to
avoid weightbearing of hindlimb-unloaded rodents
during an experiment. Either device should fit onto a

J Appl Physiol « VOL 92 « APRIL 2002 * WWW.jap.org



1374 INVITED REVIEW

hook for
holding rodent

pan that fits
on balance

Fig. 5. A tripod used for weighing hindlimb unloaded rats. We use a
string of paper clips attached to the hook to adjust for height. The
forelimbs of the rat should touch the balance.

balance. The rat is gently removed from the unloading
device and attached to the hook so that the animal’s
forelimbs touch the balance while the hindlimbs re-
main unloaded. Weighing should not take more than 1
min. We believe it is critical that animals do not be-
come weightbearing when they are weighed.

Age. Young rats appear to adapt more readily to
hindlimb unloading than adult animals. Rapidly grow-
ing rats (<200 g) should not lose weight, although they
may gain weight more slowly than controls. Adult rats
(>200 g) may lose weight or gain weight more slowly
for several days after initial unloading, followed by
stabilization of body weights. Older adult rats (>400 g)
may have difficulty adapting to hindlimb unloading, as
assessed by body weight and health checks; if adult
males are used, smaller strains, e.g., Fischer 344 rats,
should be considered.

When designing experiments, it is important to dis-
tinguish between growing and adult rodents. Most
rodents mature sexually several months before growth
slows and the animals become adults, i.e., when growth
curves are asymptotic. Changes in growing animals
should not be directly extrapolated to adults. The
growth processes of bone slow when the animal is 68
mo of age. Hindlimb unloading may suppress physio-
logical processes responsible for growth but not those
processes associated with the maintenance of adult
tissues.

Forelimbs as an internal control. As long as the
hindlimb-unloaded rat supports 50% of its body weight
on the forelimbs and body weight does not differ sig-
nificantly from controls, then the forelimbs can be used
as effective internal controls for experiments (720,
If changes occur in forelimb tissues while these condi-
tions are met, then the alterations may be indicative of
systemic, rather than local, responses to hindlimb un-
loading. Systemic changes may include an increase in
the levels of glucocorticoids or other endocrine changes.
If appropriate for the system under study, then re-
sponses in the forelimbs as well as the hindlimbs of
animals to hindlimb unloading should be analyzed and
the results compared with weightbearing controls.

Control groups. More than one control group may be
needed to correctly interpret results obtained from
hindlimb unloading experiments. An experiment with
insufficient control groups will have to be repeated and
will use more animals than a protocol requesting ade-
quate control groups. We have included various groups
to control for body mass or experimental treatments.

Control groups for body mass have included weight-
bearing ad libitum, group-mean-fed, and weight-
matched animals. Rats fed ad libitum weigh more than
hindlimb-unloaded rats, regardless of age; the weight
difference can range from ~5% in very young rats to
—90% in rats over 3 mo of age. Although weight-
matched rats may be useful in some studies, the re-
duced caloric intake may change the behavior and
physiology of this control group. To minimize weight
difference in our experimental groups, we normally
feed our control group the average amount of food
consumed by the hindlimb-unloaded group (i.e., group-
mean-fed animals) so that both groups have the same
caloric intake. In our experiments, hindlimb unloading
does not cause rats to stop eating, although food con-
sumption for the first 1-2 days of unloading can drop
by as much as 50%.

Another control group important for growing ani-
mals is a baseline control. This group provides tissues
harvested at the beginning of the hindlimb unloading
period. Comparison of a baseline group with growing,
hindlimb-unloaded animals at the end of an experi-
ment allows one to distinguish between a true tissue
loss (i.e., atrophy) vs. an inhibition of growth.

When a pharmacological agent or nutritional supple-
ment is used during hindlimb unloading, a control
group that receives the same agent is essential to
correctly interpret the results. In addition, the param-
eter of interest measured in hindlimb tissues can also
be measured in tissues from the weightbearing fore-
limbs. Papers have been published stating that specific
drugs inhibit the changes caused by hindlimb unload-
ing. This statement is valid only if the investigators
have demonstrated that the treatment alone does not
change baseline values. If the drug alters the parame-
ter measured in weightbearing control animals, then
the use of untreated weightbearing animals as the sole
control group limits the conclusions that can be drawn
from that experiment. For example, we have shown
that supplementation of the diet with calcium in-
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reases bone mass in young, growing rats relative to
mnimals fed standard lab chow (16). However, the un-

»aded bone mass is lower than the bone mass of
weightbearing controls fed the same calcium-supple-
mented diet. We find a similar phenomenon when we
treat growing rats with a bisphosphonate (5). The
bisphosphonate increases bone mass in both weight-
bearing and hindlimb unloaded groups. By including a
drug-treated, weightbearing control group, we are able
to conclude that neither dietary calcium supplementa-
tion nor bisphosphonate treatment prevents the decre-
ment in bone mass caused by unloading. We believe it
is incorrect to conclude that a specific treatment inhib-
its the changes caused by musculoskeletal unloading
unless the investigators have shown that the treat-
ment alone does not affect baseline values.

WHEN TO REMOVE AN ANIMAL FROM
AN EXPERIMENT

The investigator and the attending veterinarian
must agree before the study begins as to the criteria for
removing a rodent from the study. We use various
criteria to determine when to remove animals from an
experiment. One reason for removing an animal is
stress. We use several parameters to assess stress
during an experiment, including porphyrin around the
eyes and nose and weight loss or failure to gain weight
(if the animal is growing). In many experiments, par-
ticularly with older rats, we notice “red tears” or por-
phyrin that usually disappear within the first few days
of an experiment. If porphyrin continues, then a veter-
inarian should evaluate the health of the rat. If a rat
fails to maintain or gain weight compared with the rest
of the experimental group, then that animal should be
considered for removal if the weight is =2 SD from the
mean. Another indicator of health that other investi-
gators may use as a criteria for removing animals from
experiments is colonic temperature.

We also remove animals that repeatedly free them-
selves. We check the animals twice per day during the
week and once per day on weekends for the duration of
an experiment. Our animal care staff also examines
animals daily. Occasionally, unloading devices (Fig. 1)
become stuck or fall off the track. Whether the animal
is removed after this episode depends on how the
animal responds over the next 2 days and its body
weight compared with the rest of the hindlimb-un-
loaded group.

STRESS AND HINDLIMB UNLOADING

Postmortem indicators for stress include atrophy of
the thymus, adrenal hypertrophy, and increased corti-
costerone levels. In young animals, we find thymus
weight to be the simplest method for assessing stress.
We do not consistently observe decreased thymus
weights in hindlimb-unloaded animals compared with
group-mean-fed controls. An investigator at ARC rou-
tinely measures adrenal weights in his hindlimb
unloading rat experiments and has never observed
adrenal hypertrophy (R. Grindeland, personal commu-

nications). However, another laboratory (11) reports
adrenal hypertropy at the end of a 7-day experiment.

Plasma corticosterone levels, measured by two ARC
investigators, doubled the first day of hindlimb unload-
ing and were at ambulatory control levels by day 2 (R.
Grindeland and E. Morey-Holton, unpublished obser-
vations). Corticosterone levels in 24-h urine collections
were increased only during the first 24 h of hindlimb
unloading (32). We did not find changes in the level or
diurnal pattern of plasma corticosterone during the
fourth day of hindlimb unloading (20). In contrast,
another research group (39) reported differences in
plasma corticosterone on days I and 3 of the experi-
ment, with normal values achieved by day 7. Perhaps
our animals are less stressed because of our control of
the environmental and physiological parameters de-
fined above and our use of tail traction rather than a
whole body harness.

CONCLUSIONS

In conclusion, selection of the appropriate control
group(s) emerges as a critical component for the design
of hindlimb unloading experiments. More than one
control group may be needed to correctly interpret the
experimental data. We recommend analyzing forelimb
tissues as well as adrenal and thymus weights to
identify possible systemic responses to hindlimb un-
loading together with a close monitoring of body weight
changes throughout the experiment. The forelimb
analyses are particularly important for experiments
with mice, which have not been as well studied as rats.
These data are essential if the objective of transgenic
and mutant mice experiments is to demonstrate that a
specific gene product mediates the responses to me-
chanical unloading per se, rather than to systemic
stress.

Environmental and physiological parameters, in-
cluding room temperature, angle of unloading, and
body weight, should be monitored daily. Animal hous-
ing, handling, and age are also important factors to
consider in designing hindlimb unloading experiments.

The hindlimb unloading model was developed to
mimic spaceflight. The model has also proven to be
useful for investigating the physiological responses of
both rats and mice to the recovery process associated
with reloading as well as unloading. Thus the model
has provided important insights into both spaceflight-
based and Earth-based health problems.
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Committee for updating the SOP and for reviewing this manuscript.
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